ABSTRACT The design of energy harvesting (EH) scheme is one of important issues in energy-constrained relaying networks. Since most of the existing EH schemes assume a linear EH model, which cannot capture the properties of EH circuits, the EH schemes dedicated for a practical EH model should be redesigned. Based on the time switching (TS) and power splitting (PS) receiver architectures, we study two EH schemes, namely, PS scheme and TS scheme, in an amplify-and-forward (AF) energy-constrained relaying network under a non-linear EH model. Two problems are formulated to maximize the achievable throughput based on the instantaneous channel state information by optimizing the PS ratio and TS ratio, respectively. The solutions for both EH schemes are obtained. Numerical results are presented to show that the designed EH schemes based on the non-linear EH model are able to achieve a higher throughput than those based on the existing linear model. It is found that employing a non-linear energy harvester instead of the linear one into AF relaying network, and the PS scheme still outperforms the TS scheme in general.
I. INTRODUCTION
Recently, simultaneous wireless information and power transfer (SWIPT) has received much attention since it can prolong the lifetime of energy-constrained wireless networks [1] . Compared with the conventional energy harvesting (EH) technologies, SWIPT can operate well even though the external energy sources, e.g., solar and wind power, are unavailable for energy-constrained wireless nodes [2] , [3] . Accordingly, SWIPT is able to satisfy the quality-of-service or security critical applications in energyconstrained wireless networks, e.g., non-orthogonal multiple access (NOMA) networks [4] , cognitive radio (CR) networks [5] , device to device cellular networks [6] , relaying networks [7] , [8] . Among them [5] - [8] , of particular interest is the integration of SWIPT with energy-constrained relaying networks, where the relay uses the harvested energy from radio frequency (RF) signals to assist the source for achieving transmissions by using an EH scheme, i.e., power splitting (PS) scheme or time switching (TS) scheme [8] .
There existed many works [8] - [14] on how to design EH schemes for relaying networks. In [8] , the expressions for outage probability and ergodic throughput were derived to determine the optimal PS and TS ratios offline in an amplifyand-forward (AF) relaying network. Assuming the availability of instantaneous channel state information (CSI) at the relay, three EH schemes, namely, PS scheme, TS scheme and a hybrid scheme, were studied in [11] and [12] . Assuming the link of source-destination is available, the optimal PS scheme was designed [10] , [14] based on the instantaneous/statistic CSI. The above works showed that the performance of relaying networks can be improved if an appropriate EH scheme is employed at the relay.
All the aforementioned works [8] - [14] have assumed a linear EH model, where the RF-to-direct current (DC) power conversion efficiency is assumed to be a fixed constant and independent of the input power of the energy harvester circuit. However, this assumption may not hold in practice due to the non-linearity of the diodes, inductors and capacitors. To be more specific, the practical energy harvester operates in a non-linear mode [15] - [17] . Accordingly, the existing works [8] - [14] may not be applicable in wireless communications with non-linear EH model due to the mismatch between the non-linear and linear EH models.
Several works on the applications of non-linear EH model in wireless communications have been reported (see [18] - [33] and references therein). References [18] - [29] introduced the non-linear EH model into the wireless powered communication (WPC) networks and point-topoint(s)/CR networks with SWIPT, where the resource allocation, e.g., transmit power at the transmitter, harvested energy at receivers, is concentrated. It has been well shown that a considerable performance gain can be achieved by using the designed EH scheme based on the non-linear EH model instead of the conventional linear one. In addition to the aforementioned networks, the applications of a nonlinear EH model has also been extended to relaying networks [30] - [33] . Wang et al. [30] investigated the achievable rate region in a non-linear EH two-way relaying network. Different from [30] , [31] - [33] were devoted to one-way relaying networks. In particular, [31] and [32] investigated the outage performance of a non-linear EH relaying network with a PS scheme. Considering the perfect/imperfect CSI at the relay, the optimal PS scheme was developed in terms of outage performance [33] for non-linear EH relaying networks. These works provided valuable guidances for the EH scheme design in one-way relaying networks. However, the existing works [31] - [33] were based on a simple non-linear EH model, which may not reflect the properties of practical circuits well. For example, the gap of power sensitivities between the energy receivers and information receivers has not been considered. As a result, the design of optimal EH scheme for a non-linear EH relaying network still leaves a large gap to be filled, which is the focus of this paper.
In this paper, we consider a non-linear EH model [23] based on the real measurement data [16] in an energyconstrained AF 1 relaying network. The fixed energy supply is available at the source and destination nodes, while unavailable at the energy-constrained relay. To incentivize the relay to cooperate with the source, the harvest-then-forward strategy [8] is adopted, i.e., the relay only uses the harvested energy from the source's signal to assist its transmissions. Based on the TS and PS receiver architectures, we develop two EH schemes to conduct the relay under the non-linear EH model [23] . In particular, two optimization problems are formulated to maximize the achievable throughput by adjusting the PS ratio and TS ratio according to the instantaneous CSI, respectively. The corresponding solutions are determined by means of optimization theory. With the help of the obtained solutions, we show that the designed EH schemes based on the non-linear EH model [23] can improve the achievable throughput by comparing with the existing EH schemes [11] , [12] based on the linear EH model. Besides, the PS scheme is still superior to TS scheme in general under the non-linear energy harvester based AF relaying network. 1 Since AF relaying enjoys a lower complexity compared with Decodeand-forward (DF) relaying, this paper focuses on the AF relaying network.
The remainder of this paper is organized as follows. The system model is provided in Section II. In Section III, the optimal time switching scheme based on the non-linear EH model is proposed to maximize the achievable throughput of the system and the optimal power splitting scheme is presented in Section IV. Simulation results are provided in Section V. Finally, we drew conclusions in Section VI. 
II. SYSTEM MODEL A. NETWORK MODEL
We consider an AF relaying network with SWIPT, where the information is transmitted from the source node, S, to the destination node, D, through an intermediate relay node, R, by using a time division scheme, as sketched in Fig. 1 . Throughout this paper, the following assumptions are considered. A1. There is no direct link between S and D due to severe path loss and shadowing [8] . The path loss model is modeled as d
−θ i
(i = 1 or 2), where d 1 and d 2 indicate the distances of S − R and R − D links, and θ is the path loss exponent. Each link follows a quasi-static and frequency nonselective Rayleigh block fading. Meanwhile, the instantaneous CSI is available at the relay through the advanced channel estimation [11] , [12] . A2. Each node is equipped with a single antenna 2 and works in a half-duplex mode. The fixed energy supply is available at the source and destination nodes, while unavailable at the energy-constrained relay. A3. To encourage the energy-constrained relay to cooperate with the source, the relay only uses the harvested energy from the sources signal to assist its transmissions, i.e., the harvest-then-forward strategy [8] is adopted. Moreover, we ignore the processing energy required by the transmit/receive circuitry at the relay since it is very small compared with the transmit energy [8] , [31] - [33] .
B. ENERGY HARVESTING MODEL
The previous works [8] - [14] assumed a linear EH model, in which the energy conversion efficiency is a fixed constant η (0 < η ≤ 1), and the harvested power of a relay is
where P RF is the input power of the energy harvester circuit. 2 In this paper, the single-antenna assumption is motivated by the recent works [4] , [9] , [33] . As a further work, we will consider the multi-antenna scenario [34] , [35] since the multi-antenna technology can greatly improve the performance. Comparison between the harvested power among the non-linear model [18] , the piecewise linear model [23] , the linear EH model [8] - [14] and the measurement data from a practical RF-DC circuit from [16] .
However, as pointed out in [15] - [20] , [23] , and [24] , the conventional linear EH model may not hold due to the nonlinearity of the diodes, inductors and capacitors. Thus, an accurate non-linear EH model with lower complexity is required to handle the mismatches of the existing EH schemes resulting from the conventional linear EH model. To this end, a non-linear EH model, namely, piecewise linear EH model, has been proposed by fitting over real measurement data [16] based on a piecewise linear function in our recent work [23] . It has been verified that the piecewise linear EH model exhibits more accuracy and a lower complexity by comparing with the existing linear [8] - [14] and non-linear [18] EH models (please see the analysis of [23, Fig. 2, p. 3] ). For this reason, this paper employs the piecewise linear EH model instead of the non-linear EH model [18] , given by
Here, P th = {P i th |1 ≤ i ≤ N } are the thresholds on P RF for N + 1 linear segments. 3 The parameters 4 a i and b i are the scope and the intercept for the linear function in the i-th 3 Note that the P 1 th represents the power sensitivity for the EH circuits. 4 The parameters are expressed as
, and y = n l=1 y l n . segment, respectively. The linear function in every segment is obtained by linear regression to minimize the difference compared to the practical EH circuit. P m denotes the maximum harvestable power when the circuit is saturated.
For a specific EH circuit, the piecewise linear EH model is able to capture various non-linear phenomena by adjusting the number of N and P th , which is substantiated in Fig. 2 . It can be seen that the piecewise linear and the existing nonlinear EH models are more accurate than the conventional linear EH model for practical RF-DC circuits. Meanwhile, the larger N is, the more accurate the piecewise linear EH model becomes. In addition, the conventional linear EH model is insufficient to model the non-linear EH circuits, which hinders the application of the conventional linear model. 
III. OPTIMAL TIME SWITCHING SCHEME
In this section, we design an optimal TS scheme to maximize the achievable throughput of an AF relaying network with SWIPT based on the non-linear EH model [23] . Fig. 3 depicts the key parameters for EH and information processing at the relay, where a TS protocol is employed. As shown in Fig. 3 , each transmission block period is divided into three parts. Let α ∈ (0, 1) denote the percentage of the block time T where R harvests energy from S. The energy harvesting time is αT and the remaining block time (1−α)T is used for information transmission where the first half (1 − α)T /2 is used for S to R information transmission and the remaining half is used for R to D information transmission.
A. WORKING FLOW During the energy harvesting time, S transmits the source signal s to R with transmit power P t and R harvests energy using a practical EH circuit. The received RF signal at R is
where E |s| 2 = 1 and n r ∼ CN 0, σ 2 r is the additive white Gaussian noise (AWGN) caused by the receiving antenna at the relay 5 ; h sr = g sr d
and g sr is complex channel coefficient between S and R.
Based on (2), the harvested energy during αT is given by
where
5 E {·} and |·| are the expectation operator and absolute value operator, respectively. VOLUME 6, 2018 During the first half time of (1 − α)T , S transmits the RF signals to R and the received signal is
where n c ∼ CN 0, σ 2 c is the sampled AWGN due to RF band to baseband signal conversion.
During the second half time of (1 − α)T , R amplifies the received signal x r and forwards it to D by using the harvested energy. Hence, the received signal at D is given by
where β =
is the amplifier gain of the AF scheme at R; h rd = g rd d
Substituting (5) into (6), y d can be expressed as (7), shown at the bottom of this page. Therefore, the instantaneous endto-end signal-to-noise ratio (SNR) at D is given by (8) , shown at the bottom of this page. Thus, the achievable throughput τ TS can be given as
B. PROBLEM FORMULATION AND SOLUTION
Considering the non-linearity of practical energy harvester, we design an optimal dynamic TS scheme to maximize the achievable throughput τ TS as P1 : maximize τ TS subject to 0 < α < 1.
According to the harvested energy in (4), there are three cases for the optimization problem.
Case 1: If P TS RF = P t |h sr | 2 + σ 2 r < P 1 th , the received power at R in the energy harvesting time is less than the sensitivity of the EH circuit and E TS h = 0. Thus, in this case, τ TS = 0 for any value of α.
th ], ∀i ∈ {1, · · · , N − 1}, the energy harvester operates in i-th linear regions and
Proposition 1:
The optimization problem P1 is convex and the optimal TS ratio α * can be obtained by using one dimensional search methods (such as the golden section search method and Lagrangian duality).
Proof: See the Appendix A. Here, we assume that the golden section search method is employed to obtain the optimal TS ratio. Then the optimal TS ratio can be obtained within a limited number of iterations and the computational complexity of this scheme can be computed as O(log( 
IV. OPTIMAL POWER SPLITTING SCHEME
In this section, we design an optimal PS scheme to maximize the achievable throughput of an AF relaying network with SWIPT based on the non-linear EH model [23] . Compared to the TS receiver, the PS receiver suffers higher receiver complexity due to achieving EH and information processing simultaneous by a PS component. The key parameters for EH and information processing at the relay are depicted in Fig. 4 . In a PS scheme, each transmission block period is evenly divided into two equal parts. During the first time slot, the relay node R splits the received signals from the source node S into two fractions with the PS ratio ρ (0 < ρ < 1), one for EH and the other for information processing. Then all the harvested energy during the first phase will be used up to forward the processed signals to the destination node D during the second time slot.
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A. WORKING FLOW
In the first time slot, S transmits the source signal s to R with transmit power P t . The received RF signal at R is y r = P t h sr s + n r (13) After receiving the RF signal from S, R splits it in ρ : 1−ρ proportion, where the fraction of the received RF signal, √ ρy r , is sent to the energy harvester and the remaining part, √ 1 − ρy r , is fed into the information receiver. Thus, the baseband signal at R is given by
where n p ∼ CN 0, σ 2 p is the additive baseband Gaussian noise. Accordingly, the practical transmit power of the relay is
th , P i+1 th P m , P RF > P N th (15) where P RF = ρ P t |h sr | 2 + σ 2 r and E r = T 2 P H is the harvested energy at the relay.
In the second time slot, R amplifies the baseband signal x r and forwards it to D with the transmit power P r . Hence, the received signal at D is given by
where β = By substituting (14) into (16), y d can be rewritten as (17) , shown at the top of this page. It can be observed from (17) that the instantaneous end-to-end SNR at D can be written as (18) , shown at the top of this page. Then, the achievable throughput τ PS can be given as
B. PROBLEM FORMULATION AND SOLUTION
From (19) , it is obvious that the problem of minimizing the achievable throughput is equivalent to maximizing the instantaneous end-to-end SNR, which can be formulated as
According to the energy harvesting model in (2), the optimization problem can be divided into three cases, which are Case I: P RF < P 1 th ; Case II: P RF > P N th ; Case III:
th ], ∀i ∈ {1, · · · , N − 1}. Case I: When P RF < P 1 th , we have P r = 0, leading to power outages between R and D. As a result, the achievable throughput is zero.
Case II: When P RF > P N th , P t |h sr | 2 + σ 2 r > P N th and the transmit power of the relay P r is fixed as P m . Substituting P r = P m into (8), the end-to-end SNR γ N d can be expressed as
For analytical tractability, we rewrite (21) as
It is obvious that γ N d is a monotonically decreasing function with ρ ∈ P N th k 1 , 1 in Case II. Therefore, the optimal PS ratio
Case III: The energy harvester operates in (N − 1) linear regions. According to (2), P r = a i ρ P t |h sr | 2 + σ 2 r + b i for the i-th (∀i ∈ {1, · · · , N − 1}) linear region with P RF ∈ [P i th , P i+1 th ] and P t |h sr | 2 + σ 2 r > P i th should be satisfied due to 0 < ρ < 1.
By substituting the expression of P r into the instantaneous end-to-end SNR expression (8), we have
Proposition 2: In Case III, the optimal PS ratio in i-th (∀i ∈ {1, ..., N − 1}) linear region is constrained by
Three cases are given for the analysis of ρ * i . 
hold, the optimal PS ratio ρ * i is given by Proof: See the Appendix B. In summary, the optimal PS ratio ρ * = ρ * 1 or ρ * 2 or · · · or ρ * N depends on which achieves the maximum value of γ d , as shown in Algorithm 1 (Please see the next page). Since the proposed algorithm is to find the optimal PS ratio among {ρ * i } N 1 to achieve the maximum throughput, the maximum iteration should be N and the computational complexity should be O(N ).
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we compare the designed EH schemes with the existing PS and TS schemes [11] , [12] based on the linear EH model. We employ the piecewise linear EH model with N = 4 to capture the nonlinearity of practical EH circuits, as shown in Fig. 2,  i.e., [a 0 , a 1 , a 2 , a 3 , a 4 Also, we set η = 0.74 for the linear EH model according to Fig. 2 . Unless otherwise stated, the main simulation parameters are set as follows: Fig . 5 presents the average throughput achieved by the PS and TS schemes under the designs of the piecewise linear and linear EH models with different transmit power. In our simulation, we employ the existing PS [11] or TS scheme [12] to calculate the optimal PS or TS ratio under the linear EH model and substitute them into non-linear EH model, in order to show that the PS or TS scheme designed for linear EH model will lead to resource allocation mismatches and suffer from performance degradation in the non-linear EH model. On the one hand, for all considered schemes, the average throughput increases monotonically as we increase the transmit power P t at the source. The reason is somewhat straightforward, because the relay can harvest more energy and achieve higher throughput by increasing P t . On the other hand, both the designed PS and TS schemes based on the piecewise linear EH model outperform these based on the linear model. In particular, the existing two EH schemes based on the linear EH model may cause saturation or underutilization of the relay since the linear EH model does not account for the nonlinearity of practical EH circuits. This leads to resource allocation mismatches and a poor performance for the existing PS and TS schemes based on the linear EH model in throughput. In Fig. 6 , we compare the designed PS scheme with the designed TS scheme under different noise power at different transmit power. One observation is that the average throughput achieved by both schemes decreases with the growth of the noise power. The reason is as follows. According to (8) and (18), the noise power is included in denominator of the end-to-end SNR. Accordingly, for a larger noise power, the considered relaying network obtains a lower end-to-end SNR at a given P t . Another observation is that the PS scheme outperforms the TS scheme at low noise powers, while the TS scheme is superior to the PS scheme at relatively high noise powers, as expected in [8] , [12] . 6 This observation provides valuable guidances on how to select an appropriate EH scheme (e.g., PS or TS scheme) according to the real parameters of relaying networks. For example, the PS scheme outperforms the TS scheme when the noise power is smaller than −87.5 dBm at P t = 30 mW. In this case, it is desirable to adopt the PS scheme instead of the TS scheme. Moreover, since the noise power is very small in practical communication networks due to the low noise spectral density (i.e., −174 dBm/Hz), PS scheme is superior to TS scheme under the nonlinear energy harvester based AF relaying network in general.
VI. CONCLUSION
In this paper, we have developed two optimal EH schemes for an AF non-linear EH relaying network to maximize the achievable throughput. The corresponding solutions have been obtained. Simulation results have demonstrated that the designed EH schemes achieve better performance in terms of throughput compared with the existing EH schemes optimized for the conventional linear EH model. Meanwhile, the superior throughput performance of the designed PS scheme has also been verified by comparing with the designed TS scheme under the the non-linear energy harvester based AF relaying network. Our work is able to provide valuable insights in both selecting an appropriate EH scheme and obtaining the optimal PS/TS ratio for energyconstrained AF relaying networks with non-linear energy harvester.
APPENDIX A PROOF OF PROPOSITION 1
When P TS RF < P 1 th , τ TS = 0 for any value of α and
th , based on (11) and (12), τ TS in the i-th ∀i ∈ {1, · · · , N } linear region is given by
By taking the second-order derivative of τ TS , we have
≤ 0 always holds for 0 < α < 1, P1 is convex and the optimal TS ratio α * can be obtained by using one dimensional search methods (such as the golden section search method and Lagrangian duality).
The proof is completed.
APPENDIX B PROOF OF PROPOSITION 2
To obtain the optimal PS ratio for the i-th linear region, we firstly analyze the monotonicity of the objective function γ i d . By taking the derivative of γ i d with respect to ρ, we have
Obviously, the sign of In summary, the optimal PS ratio is given by Proposition 2.
